I. INTRODUCTION
-Conventional wisdom about the hydrogen bond suggests that water and ammonia should have basically similar hydrogen-bonding capabilities. That is, both should be able to act as a hydrogen-bond donor and as a hydrogenbond acceptor. However, while this is true for the water molecule, there is no known example of the ammonia molecule acting as a proton donor in the gas phase. More specifically, the high-resolution gas-phase spectroscopic studies of a number of van der Waals complexes involving ammonia in no instance detected angular expectation values or vibrationally averaged structures which would indicate that NH3 acted as a proton donor, (see recent discussions by Schmuttenmaer et al. 1 and Suni, Lee, and Klemperer 2 ) . Perhaps the only exception will turn out to be the ammonia dimer where the inversion of vibrationrotation-tunneling (V-T-R) spectra recently revealed a broad minimum encompassing both the cyclic and Hbonded structures, 3 in contrast to the previous studies which pointed to the cyclic (Le., non-H-bonded) structure only.4
These anomalous properties of ammonia provide the chemical motivation for the present study. Studies of proton-donor properties are important in a broader context for understanding the nature of the hydrogen bond. In particular, the following issues should be addressed: What is so peculiar about the potential-energy surface (PES) in the region where one of the protons of the ammonia mol-')Permanent address.
ecule contacts other atoms and molecules, and how does this contact differ from that of the water's proton? It is particularly interesting whether these differences are reflected in the individual contributions to the interaction energy, such as the electrostatic, exchange, induction, and dispersion, and whether they can be related to any of the monomer properties. Such an analysis will help predict whether it is possible to find a complex where NH3 acts as a proton donor.
A great deal of experimental effort has been devoted recently to the systematic investigation of the weak bonding properties of NH3 by using the Ar atom as a structureless probe. 1, [5] [6] [7] There have also been several ab initio efforts towards the characterization of the Ar-NH3 complex.
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Both experimental and theoretical studies indicate that NH3 avoids the hydrogen-bonded structure with a reasonably strong Lewis base, such as Ar. At the same time there have been a number of quite ingenious attempts at finding a strong proton acceptor, preferably with simple geometry, to which NH3 would form a donor hydrogen bond.
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Our previous studies of a number of complexes formed by Ar and various hydrides, such as Ar-NH 3 ,8 Ar-H 2 0,1l Ar-CH 4 ,12 and Ar-HCI 13 (see also Ref. 14) , seem to indicate that the ability to form a H-bonded structure is related to the self-consistent-field (SCF) deformation (or induction) energy. The induction energy depends upon two factors: high polarizability of the rare-gas atom and the strength of the electric field along the X-H bond in the hydride. For example, in the Rg-HX (X=F, CI, Br) complexes the global minimum usually occurs for the H-bond geometry Rg-H-X.IS The only exception found is He-HBr, which combines the least polar HBr with the least polarizable He. Furthermore, the secondary minimum for the Ar-HX complexes (Ar-X-H) is the closer in energy to the primary minimum the lower the dipole moment of HX.15
The Rg-H2X complexes are also consistent with this picture. In Ar-H 2 0 a broad minimum encompasses both the H-bond geometry and the (coplanar) T-shaped structure with almost perpendicular arrangement of the C 2 -water axis and the Ar-O axis. II ,16 Ar-H 2 S (Ref. 17) and He-H 2 0,18 on the other hand, reveal coplanar T structures only. Both H 2 S and He are less polar and less polarizable, respectively, than H 2 0 and Ar.
In the Rg-H3X van der Waals systems, as mentioned above, no H-bonded structures have been found yet. In search for a likely candidate we turn to the Kr atom which, by virtue of its high polarizability, appears to be more likely than Ar to form a complex involving the H-bond structure with ammonia. In the present paper, ab initio studies of Kr-NH3 and Kr-H 2 0 are reported. It is anticipated that the comparison of these two systems, along with their Ar analogs,· Ar-NH3 and Ar-H 2 0, will shed new light on the nature of the H bond.
The study will be carried out within the framework of the perturbation theory of intermolecular forces l9 combined with the supermolecular M011er-Plesset perturbation th 2021 Th· h · d · . eory. ' IS approac provi es, III a consistent manner, all the contributions to the interaction energy along with the total PES, and it has proven quite successful in the analysis of a number of Ar-molecule complexes. 8 ,1l-13
II. METHOD AND DEFINITIONS
The supermolecular M011er-Plesset perturbation theory (MPPT) interaction energy corrections are derived as the difference between the values for the total energy of the dimer and the sum of the subsystem energies, in every order of perturbation theory
The sum of corrections through the nth oroer will be denoted AE(n); thus, e.g., AE(3) will symbolize the sum of Ap:SCF, AE(2), and AE (3) . Each individual AE(n) correction can be interpreted 20 in terms of intermolecular M011er-Plesset perturbation theory (IMPPT) which encompasses all well-defined and meaningful contributions to the interaction energy such as electrostatic, induction, dispersion, and exchange, and may be expressed in the form of a double perturbation expansion. 19 The IMPPT interaction energy corrections are denoted €(ij), where i and j refer to the order of the intermolecular interaction operator and the intramolecular correlation operator, respectively (see Ref. 19 AE(2) = €(12) + €(~O) + AE(2) + AE (2) es,r dlsp der exch· (4) €~,;) denotes the second-order electrostatic correlation energy with response effects,21 and €~t~ the Hartree-Fock dispersion energy. AE~~t and AE~~~h stand for the secondorder deformation correlation correction to the SCF deformation and the second-order exchange correlation, respectively. The latter encompasses the exchange-correlation effects related to electrostatic correlation and dispersion and can be approximated as follows 8 ,21 (provided the deformation-correlation contribution is negligible):
(5)
C. Calculations of interaction energies
Unless stated otherwise, calculations of all the supermolecular and perturbational interaction terms are performed using the basis set of the entire complex, i.e., dimer-centered basis sets (DCBS).24-28 This procedure amounts to applying the counterpoise method of Boys and Bernardi. 29 To assure the consistency of evaluation of the MPPT and IMPPT interaction energy corrections all the intermolecular perturbation terms €(if) must be derived in DCBS as well. 30
D. Basis sets and geometries
Medium-size polarized basis sets of Sadlel l (lOs6p4d/ 5s4p) contracted to [5s3p2d/3s2p] were used for H 2 0 and NH 3 . The krypton atom has been described by the welltempered basis set of Huzinaga, Klobukowski, and Tatewaki 32 (16s13plOd) contracted to (9s6p4d). The exponents and coefficients, except for the two most diffuse d orbitals, were taken from Ref. 32 , whereas the two most diffuse d orbitals were optimized by Andzelm et af. 33 The Kr basis set which is referred to as the spd basis is shown in Table I .
The calculations were carried out using GAUSSIAN 88 (Ref. 34) and90 (Ref. 35) programs and the intermolecular perturbation theory package of Cybulski. 36 The geometrical parameters of Kr-H 2 0 and Kr-NH3 complexes are defined in Fig. 1 . The scan of the potentialenergy surface was limited to the vicinity of the van der Waals minimum. Therefore, only the coplanar motion of the Kr atom around water was considered; see· Fig. 1 (a) . Theout-of-plane Rg motions were found to increase the energy in the case of previously studied Ar-H 2 0 complex.
11 In the case of Kr-NH3 two scans of the PES were particularly interesting X=O° and X=60°. In the former 
III. RESULTS AND DISCUSSION
A. Anisotropy of interaction energies
Kr-H:zO
The interaction energies obtained at the MP2/spd level for Kr-H 2 0 are listed in Table II . The region around the minimum qualitatively resembles that for Ar-H 2 0. II The region is fairly broad and Kr can move almost isoenerget- ically (within less than 1 em-I) from e=IOO' to e=120' at R=7.5 ao. When R is allowed to vary, the motion ranging from e=60° at R=7.0 ao to e= 120' at R=8.0 ao, raises the energy by less than 8.5 cm -I above the minimum. In the case of the previously studied Ar-H 2 0, II a similar path was somewhat shifted toward smaller e angles and was fiatter; the angular motion of Ar ranged from 60° at 6.61 ao to 120' at 7.56 ao corresponding to an energy increase of ca. 3 cm -I above the minimum. II Furthermore, the minimum for Kr-H 2 0 is deeper and shifted toward large angles and longer distances than in the Ar-H 2 0 case. Indeed, for Ar-H 2 0 the minimum of ca. -81. 7 cm -I occurred at the (R,e) values of (7.09 ao, 80') while for Kr-H 2 0 the minimum of about -103.5 cm-I occurs at (7.5 ao, 100°). It is possible to conclude that Kr more nearly approaches the H-bonded position than Ar, in agreement with our expectations based on the larger polarizability of Kr. Finally, we note that the barrier to the in-plane motion (at 8=0.0°) is slightly larger in Kr-H 2 0 (24.7 cm-I ) than in Ar-H 2 0 (21.4 cm -I). It is important to note that all the above estimates, in particular that of De> may be too small by some 20%-30%, primarily due to the basis-set unsaturation of the dispersion component. B ,II-13 Table III provides the partitioning of the interaction energies at two geometries in the region of the van der Waals minimum: the T geometry with (7.0 ao, 80°) and the H-bond geometry with (7.5 ao, 120'). The results qualitatively resemble those obtained for Ar-H 2 0. Indeed, for both complexes, the major difference between the T and H-bond geometries is due to the substantially larger SCFdeformation (or induction) effeet in the latter. It is also seen that the T geometry is favored by the dispersion and electrostatic terms, whereas the H-bond geometry is favored by the SCF-deformation term. A neglect of the SCFdeformation contribution for the H-bond geometry would qualitatively distort the shape of PES by raising subs tan- 
Kr-NH3
The values of the interaction energy obtained at the MP2 level are listed in Table IV . We first focus on the van der Waals minimum region (R,e,X=OO) with R ranging from 7.0 ao to 8.0 ao and e from 0° to 180° and the region of the H-bond configuration (R,e,X=600) with R ranging from 7.5 ao to 8.5 ao and e from 0° to 180°. The van der Waals minimum for Kr-NH3 occurs at (7-.5 ao,80°, 0°) with De= 108 cm -I and corresponds to a T configuration. Compared to Ar-NH3 it is deeper and shifted toward larger distances, as the respective values for Ar-NH3 are De~91 cm-I and Re~7.09 ao. 8 The H-bond configuration (8.0 ao, 100°, 60°) of Kr-NH3 corresponds to a saddle point on the PES, some 16.5 cm-I above the global minimum. It is worth reiterating that all the above estimates, in particular that of De' may be too small by 20%-30%, primarily due to the basis-set unsaturation of the dispersion component. 8 ,11-13 One reason that Kr-NH3 does not form a H-bonded structure is the fact that in the range of R from 7 to 8 ao the potential-energy surface is folded in such a way that the region between N-H bonds (X=OO) constitutes a "valley" on the PES while the region eclipsing an H atom (X=600) is on a "ridge" (see Table IV ). The origin of this pattern is the strong exchange repulsion present near the hydrogen atoms. At longer distances 9-10 ao, however, the configuration of the surface is seen to reverse. For example, at R=9 ao the region at X=Oo be{:omes less favorable than the one at X=60° (see Table IV ). Consequently, at longer distances the valley appears that leads toward an H atom of ammonia. The valley is due to the dispersion energy, which in the absence of strong exchange-repUlsion dominates in this range of R. It should be emphasized that the long-range valleys leading to H atoms were first detected on the PES of Ar-NH3 obtained by the inversion of V-T-R spectra. 37 Our result provides additional evidence that the present-day spectroscopic techniques combined with inversion methods are accurate enough to provide the finest details of the PES. Finally, we might add at this juncture that similar long-range valleys corresponding to hydrogen-bonding orientation were also noticed in our calculations for the complex between Ar and such a poor proton donor as CH 4 •
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The partitioning of the interaction energy is shown in Table V . In contrast to the Ar-H 2 0 or Kr-H 2 0 cases, the decompositions at the two configurations, H-bonded and T, do not differ qualitatively. For instance, the SCFdeformation and induction effects are relatively small and unimportant for both geometries. One may conclude that Kr is as reluctant as Ar to form an H bond to ammonia. However, the T configuration minimum in the Kr-NH3 case appears to be shifted slightly toward larger e angles, thus indicating a more H-bond character. 'This value corresponds to £~2).
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A. Comparison of Kr-H 2 0 and Kr-NH 3
In search for factors which would characterize possible differences/similarities between the properties of NH3 and H 2 0 pertaining to the ability off ormation of the H-bonded structures we focus on the two dominant attractive contributions SCF deformation and dispersion.
The dispersion contribution is an entirely electronic contribution in the sense that it is not directly related to the charges and positions of the nuclei. Indeed, the dispersion energy is an electron correlation effect and its expression includes only the two-electron integrals. Considering the X-H-Y hydrogen-bond interaction, the dispersion energy will be the smaller the more strongly electrons are shifted toward the X atom, i.e., the more is this bond polar. Therefore, the dispersion energy does not favor the H-bonded structures.
On the other hand, the induction and the SCFdeformation contributions reflect the electric polarization caused by both the electron charge cloud and the charges on nuclei. Consequently, in the X-H-Y interaction the effects will be the larger the more electrons are shifted toward X, i.e., the more polar the X-H bond gets. Therefore, the induction and SCF-deformation effects favor the Hbond structure.
In the atom-molecule interactions involving closedshell species, the interplay between these two effects, the dispersion and SCF deformation, may be well characterized by analyzing the ratio of these two contributions, t::.F!J.CjF / €~rs~. The maxima of this ratio should help indicate the regions of PES which are particularly active in the induction interaction. It should be added that the electrostatic term (although quantitatively non-negligible) which in these complexes originates from charge-overlap effects is ~ of secondary importance as far as the anisotropy is concerned.
To illustrate this point the dispersion and SCFdeformation energies are plotted in Fig. 2 for Kr-NH3 and Kr-H 2 0 complexes. The comparison of the H-bonded configurations of both complexes indicates that Kr-NH3 has larger dispersion and smaller SCF-deformation energies than Kr-H 2 0 (see Fig. 2 ). This means that electrons in the O-H bond are shifted more strongly toward the heavy atom than those in the N-H bond. In other words, the O-H bond may be viewed as more polar.
The 8 dependence of the ratios AEd;r I €~fs~ (def! disp ) plotted in Fig. 3 leads to further interesting conclusions.
The three curves correspond to the R distances of the minimum for Kr-H 2 0 (R=7.5 ao), the minimum for Kr-NH3 (R=7.5 ao), and of the saddle point at the H-bond configuration for Kr-NH3 (R=8.0 ao). The ratios def/disp have maxima at the heavy-atom ends (8=0.0°), as well as at the hydrogen ends (8= 100-120°). The region of the T configuration for Kr-NH3 (80°':""100°) is very fiat with a tiny fiat maximum around the H-H edge of ammonia. It is seen that all the three heavy-atom maxima are very close in magnitude. The maxima at the H ends, on the other hand, differ markedly. In the NH3 case the H maximum is much lower than the N maximum, whereas in the case of H 2 0 the H maximum is much higher than that at the ° end.
T!J.is)ehavior strongly suggests that the O-H bond and the N-H bond are intrinsically different in their ability to form H bonding. By virtue of maximizing the defl disp ratio the former can be considered H-bond active while the latter cannot.
The results of Fig. 3 lead us to the conclusion that the regions around Nand 0, as well as the H of H 2 0, are _ capable of maximizing the electrostatic and induction interactions, whereas the region around the H of NH3 is not. To confirm this observation the magnitude of the electric field in the position of Rg as a function of the angle 8 is plotted in Fig. 4 . A large electric field is seen at both heavy atoms and at the H ends of water. The electric field at the H end in NH3 is much smaller. Consequently, the ° and H ends in H 2 0, as well as the N end in NH 3 , are expected to strongly attract ions, polar molecules, as well as highly polarizable species. Several known structures of van der Waals complexes involving water confirm this conclusion, namely H 2 0-Na+,38 H 2 0-CI-,39 CH c H 2 0,40 H r H 2 0Y
On ~ the other hand, it is also known that for complexes where the electrostatic and induction interactions are quite small, the directions of approach to water and ammonia are those which minimize the exchange repulsion, that is, ~ the T configurations [examples: He-H 2 0, 18 H-H 2 0,42 Ar-NH3 (Ref. 8) ]. An intermediate situation is observed in Ar-H 2 0,11 whose broad minimum encompasses both types of situations.
